Introduction
============

Nonsyndromic cleft lip (NSCL) is one of most common birth defects that negatively affects facial appearance and lip function ([@b1-ijmm-43-03-1441]-[@b3-ijmm-43-03-1441]). Multiple factors have been demonstrated to contribute to the etiology of NSCL, including geographical distribution, ethnic background, economic status, genetics and environmental factors ([@b4-ijmm-43-03-1441],[@b5-ijmm-43-03-1441]). Surgery is the primary treatment for NSCL ([@b6-ijmm-43-03-1441]-[@b10-ijmm-43-03-1441]), but identifying potential regulators of the underlying mechanisms of NSCL may aid in the development of novel treatment strategies.

MicroRNAs (miRNAs) are small non-coding RNAs consisting of \~22 nucleotides that post-transcriptionally regulate gene expression by targeting the 3′ untranslated region (UTR) of target genes. miRNAs also serve diverse roles in cell proliferation, differentiation and apoptosis ([@b11-ijmm-43-03-1441]-[@b13-ijmm-43-03-1441]). Accumulating evidence demonstrates that tissue miRNAs are involved in functional regulation of orofacial cleft development ([@b14-ijmm-43-03-1441]-[@b16-ijmm-43-03-1441]). However, the molecular mechanisms underlying the effects of miRNAs on NSCL have not been fully investigated.

We previously demonstrated that miRNA-16-2-3p (miR-16-2-3p) was markedly elevated in plasma samples from patients with NSCL compared with samples from patients without NSCL. Therefore, miR-16-2-3p may be regarded as a potential biomarker for diagnosing NSCL ([@b17-ijmm-43-03-1441]). 3-phos-phoinositide-dependent protein kinase-1 (PDPK1), a member of the AGC serine/threonine kinase family, has been established as critical in cell proliferation, apoptosis and invasion ([@b18-ijmm-43-03-1441],[@b19-ijmm-43-03-1441]). However, the association between miR-16-2-3p and PDPK1 in NSCL remains unclear. Any factors inhibiting fusion of paired maxillary prominences mesenchyme, including inhibiting cell proliferation and migration, and inducing apoptosis of maxillary primordium mesenchymal cells, (MPMCs), or apoptosis of medial edge epithelium (MEE) vs. epithelial-to-mesenchymal transition (EMT) may ultimately result in cleft lip ([@b20-ijmm-43-03-1441],[@b21-ijmm-43-03-1441]). Interactions between the neural crest, facial mesoderm, surrounding endoderm and ectoderm result in 5 facial prominences by embryonic day (E)9.5: The singular frontonasal prominence, paired maxillary prominences and paired mandibular prominences ([@b22-ijmm-43-03-1441]). Several studies have suggested that the upper lip forms from fusion between the maxillary and the medial nasal processes ([@b23-ijmm-43-03-1441],[@b24-ijmm-43-03-1441]). Compared with other mesenchymal cells, MPMCs are involved in formation of maxillary primordium mesenchymal structures ([@b25-ijmm-43-03-1441]). Therefore, the present study was designed to examine the effect of miR-16-2-3p on MPMCs. miR-16-2-3p expression levels in tissue samples from 25 patients with NSCL were measured and its role in regulating cell proliferation, apoptosis, and migration in embryonic MPMCs was evaluated *in vitro.* Additional analysis indicated that PDPK1 was a direct downstream target of miR-16-2-3p.

Materials and methods
=====================

Tissue samples
--------------

Cleft lip tissue samples and adjacent normal lip tissue samples were surgically collected from 25 patients with NSCL (median age, 4 months; age range, 1-7 months; 15 males and 10 females), who underwent cleft lip repair operation in the Department of Burns and Plastic Surgery at Children\'s Hospital of Nanjing Medical University (Nanjing, China) from July 2016 to December 2017. None of the patients in the present study received any other therapies prior to surgery. All patients with NSCL were definitively diagnosed to exclude any other craniofacial deformities. All tissue samples were immediately frozen in liquid nitrogen and stored in −80°C until protein or RNA isolation. All study protocols were conducted subsequent to receiving consent from the parents of the patients with NSCL to use the tissue specimens for academic research purposes. The present study was approved by the Ethics Committee of the Children\'s Hospital of Nanjing Medical University.

RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------------------------

Total RNA from tissue samples and cultured cells was extracted and isolated using TRIzol^®^Reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. RNA quantity was measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Total RNA was reverse-transcribed into cDNA using a PrimeScript^®^ RT reagent kit (Takara Biotechnology, Co., Ltd., Dalian, China). qPCR was performed using the SYBR Green PCR master mix (Takara Biotechnology, Co., Ltd.) in 20 *μ*l reactions on the Cobas z480 analyzer (Roche Molecular Diagnostics, Pleasanton, CA, USA). mRNA levels of miR-16-2-3p and PDPK1 were normalized to β-actin. The thermocycling conditions used were as follows: Initial denaturation at 95°C for 30 sec; followed by 40 cycles of denaturation at 95°C for 5 sec and annealing/extension at 60°C for 30 sec. All RT-qPCR reactions were performed in triplicate. Relative mRNA levels were calculated using the 2^−ΔΔCq^ method ([@b26-ijmm-43-03-1441]). The primer sequences were as follows: miR-16-2-3p forward 5′-GGG ACC AAT ATT ATT GTG CTG C-3′ and reverse 5′-GCT GTC AAC GAT ACG CTA CGT AAC G-3′; PDPK1 forward 5′-CTG TAT GAC GCT GTG CCC ATT and reverse 5′-AAG GGG TTG GTG CTT GGT C; and β-actin forward 5′-GAG ACC TTC AAC ACC CCA GC and reverse 5′-GGG CAC GAA GGC TCA TCA TT.

MPMC culture and transfection
-----------------------------

MPMC culture was performed according to a previously established protocol described by Zhao and Wang ([@b27-ijmm-43-03-1441]). C57BL/6 J mice were purchased from Shanghai Laboratory Animal Resource Center (Shanghai, China). Maxillary primordium tissues were separated from E12.5 mouse embryos and dissociated in 0.25% trypsin at 37°C for 30 min. Dissociated cells were transferred to a 6-well plate and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 15% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The isolated MPMCs were continuously cultured in DMEM medium containing 10% FBS for 3-4 days. All experimental protocols were approved by the Animal Care and Use Committee of Nanjing Medical University (Nanjing, China).

MPMCs were transfected with precursor miR-16-2-3p (pre16-2-3p; Ambion; Thermo Fisher Scientific, Inc.), precursor negative control (NC) miRNA (preNC; Ambion; Thermo Fisher Scientific, Inc.), siRNA targeting miR-16-2-3p (si16-2-3p, Shanghai GenePharma Co., Ltd., Shanghai, China), or siRNA negative control (siNC; Shanghai GenePharma Co., Ltd.) at a concentration of 10 nmol/l, using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. The expression plasmids of PDPK1 and NC for PDPK1 (Shanghai GenePharma Co., Ltd.) were transfected into MPMCs that had been transfected with pre16-2-3p, while siRNA targeting PDPK1 (siPDPK1; Shanghai GenePharma Co., Ltd.) and siNC (Shanghai GenePharma Co., Ltd.) were transfected into si16-2-3p-transfected-MPMCs using Lipofectamine^®^ 2000. Following transfection for 48 h, MPMCs were harvested for subsequent assays. The siRNA sequences were as follows: 5′-AAA GCA GCA CAA UAA UAU UGG U-3′ for si16-2-3p; and 5′-GCA AGA CGA CGA CAG UUA UUA-3′ for siPDPK1; and 5′-CAG UAC UUU UGU GUA GUA CAA-3′ for siNC.

Luciferase activity assay
-------------------------

The binding sites between miR-16-2-3p and PDPK1 were predicted using TargetScan (<http://www.targetscan.org>). MPMCs were co-transfected with luciferase expressing pMIR-REPORT vector (Ambion; Thermo Fisher Scientific, Inc.) containing wild-type or mutated PDPK1 (Invitrogen; Thermo Fisher Scientific, Inc.) and miR-16-2-3p or preNC, respectively, using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Luciferase activity in different groups was measured 48 h post-transfection using the Dual Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) according to the manufacturer\'s protocol, and the data were normalized to *Renilla* luciferase activity.

MTT assay
---------

MPMCs proliferation was measured using an MTT assay. MPMCs were seeded into 96-well plates at 5,000 cells/well and cultured for 12, 24, 48, 72 and 96 h, respectively. Following the addition of 20 *μ*l MTT solution (5 mg/ml), MPMCs were additionally cultured at 37°C for 4 h, then 200 *μ*l dimethyl sulfoxide was added to dissolve the crystals. Absorbance at 450 nm was read on a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

Flow cytometry assays
---------------------

The FITC (fluorescein isothiocyanate) Annexin V Apoptosis Detection kit (BestBio Science, Shanghai, China) was used to detect apoptotic cells according to the manufacturer\'s protocol. Transfected MPMCs were seeded into 96-well plates at a density of 3x10^4^ cells/well. Annexin V-FITC (5 *μ*l) and propidium iodide (PI) (1 *μ*g/ml) were added into cells, and incubated at room temperature for 15 min in the dark, then the cell apoptosis rate was processed using a flow cytometer. Flow cytometry results were analyzed using FlowJo software version 7.6.3 (TreeStar, Inc., Ashland, OR, USA).

Migration assays
----------------

A wound healing assay was used for the detection of the migration of cells *in vitro*. After 48 h of transfection of pre16-2-3p, si16-2-3p or their corresponding NCs, MPMCs were seeded into 6-well plates at 5×10^5^ cells/well. Once the cells reached 90% confluence, the cell monolayer was scratched with a sterile yellow pipette tip (tip perpendicular to the surface). Following washing of the wells with PBS twice, the cells were additionally cultured at 37°C for 48 h. Images were captured at 0 and 48 h after the scratch wound using an inverted light microscope (magnification, ×100).

Cell cycle analysis
-------------------

At 48 h after transfection, MPMCs were seeded into 96-well plates at a density of 3×10^4^ cells/well. The cells were washed with pre-cooled PBS and fixed with 70% cold ethanol overnight at 4°C. Subsequently, MPMCs were treated with PI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 20 min at room temperature and RNaseA (Sigma-Aldrich; Merck KGaA) for 30 min at room temperature. Following incubation, the percentage of cells in each cell cycle phase was analyzed using a flow cytometer and FlowJo software version 7.6.3 (Tree Star Inc.).

5-ethynyl-2\'-deoxyuridine (EdU) assays
---------------------------------------

At 48 h after trans-fection, MPMCs were exposed to 10 mM EdU (Guangzhou RiboBio Co., Ltd., Guangzhou, China) for 24 h at 37°C. The cultured cells were then fixed with 4% paraformalde-hyde (PFA) for 30 min at room temperature and permeabilized with 0.5% Triton X-100. Next, the 1X Apollo reaction cocktail (Guangzhou RiboBio Co., Ltd.) was added to the cells and incubated for 30 min at room temperature. The cells were then stained using a Cell-Light™ EdU Apollo^®^488 *in vitro* imaging kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. EdU-stained cells were observed using a fluorescence microscope (magnification, ×400; Nikon Corporation, Tokyo, Japan).

Western blot analysis
---------------------

Frozen tissues or transfected cells were lysed in radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) and centrifuged at 12,700 × g for 20 min at 4°C. Protein concentration was measured using the Bradford assay (Bio-Rad Laboratories,Inc., Hercules, CA, USA). A total of 20 *μ*g protein was separated by gel electrophoresis using 8% SDS-PAGE and then transferred to a 0.22 *μ*m polyvinylidene difluoride membrane. Total protein was analyzed using immunoblot with the indicated antibodies following SDS-PAGE analysis. Following blocking of nonspecific binding with 5% non-fat milk in TBS containing 0.1% Tween-20 (TBS-T) at 25°C for 1 h, the membranes were incubated with the following primary antibodies: Anti-PDPK1 (cat. no. 3062; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-phosphorylated protein kinase B (p-Akt; cat. no. 2965S; 1:1000; Cell Signaling Technology, Inc.), anti-proliferating cell nuclear antigen (PCNA; cat. no. 2586S; 1:1,000; Cell Signaling Technology, MA, USA), anti-cleaved caspase-3 (cat. no. 9660; 1:1,000; Cell Signaling Technology, Inc.), anti-matrix metalloproteinase-9 (MMP-9; cat. no. 10375-2-AP; 1:2,000; Proteintech Group, Wuhan, China), anti-MMP-2 (cat. no. 10373-2-AP; 1:2,000; Proteintech Group), and anti-β-actin (cat. no. 10230-1-AP; 1:2,000; Proteintech Group). The membranes were incubated for 2 h at room temperature with a horseradish peroxidase-conjugated secondary antibody (cat. no. ab99697; 1:2,000; Abcam, Cambridge, MA, USA). Protein bands were visualized by enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.). β-actin was used as an internal control.

Immunohistochemistry
--------------------

PFA-fixed paraffin sections (4 *μ*m) were mounted on slides, dewaxed with conventional xylene at 60°C and rehydrated with gradient alcohol for 5 min respectively. Slides were washed with PBS and boiled in 10 mM sodium citrate buffer (pH 6.0) for 2 min for antigen retrieval, cooled on the bench top for 30 min, treated with 3% H~2~O~2~ at 37°C for 15 min to block endogenous peroxidase activity, and then blocked with 20% goat serum (cat. no. ab138478; Abcam) in PBS-T for 1 h at room temperature. Samples were incubated with primary antibodies (anti-PDPK1; cat. no. ab52893; 1:50; Abcam) overnight at 4°C. Following washing with PBS-T, sections were incubated with an horseradish peroxidase-conjugated secondary anti-rabbit antibody for 20 min at room temperature, rinsed again with PBS-T, and incubated with Lab Vision™ polyvalent detection kit (Thermo Fisher Scientific, Inc.) and DAB \[Tiangen Biotech (Beijing) Co., Ltd., Shanghai, China\] for 10 min at room temperature. Slides were then observed under an inverted light microscope (magnification, ×400).

Statistical analysis
--------------------

SPSS 19.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA) were used for statistical analyses. The data are expressed as the mean ± standard deviation from three independent experiments. Unpaired Student\'s t-tests were used to analyze differences between two groups. Correlation between miR-16-2-3p and PDPK1 mRNA level in cleft lip tissues was determined using Pearson correlation analysis. P\<0.05 was considered to indicate a statistically significant significance.

Results
=======

miR-16-2-3p directly regulates the 3′-UTR of PDPK1
--------------------------------------------------

Using TargetScan, it was predicted that tmiR-16-2-3p targets the 3′-UTR of PDPK1 ([Fig. 1A](#IJMM-43-03-1441-g00){ref-type="fig"}). To confirm this prediction, a dual-luciferase reporter assay was performed to determine if miR-16-2-3p interacts with the 3′-UTR of PDPK1. The position of the mutation in the PDPK1 3′-UTR is demonstrated in [Fig. 1B](#IJMM-43-03-1441-g00){ref-type="fig"}. The miR-16-2-3p transfection efficiency in MPMCs was measured using RT-PCR. The relative luciferase activity in MPMCs that were co-transfected with pre16-2-3p and wild-type 3′-UTR PDPK1 was significantly suppressed compared with the activity in MPMCs co-transfected with pre16-2-3p and mutant-type3′-UTR PDPK1 ([Fig. 1C](#IJMM-43-03-1441-g00){ref-type="fig"}). Taken together, these data indicate that miR-16-2-3p directly regulates PDPK1 expression via binding to its 3′-UTR.

miR-16-2-3p and PDPK1 expression in cleft lip tissues
-----------------------------------------------------

miR-16-2-3p and PDPK1 expressions were measured in cleft lip and adjacent normal lip tissue samples. mRNA levels of miR-16-2-3p were significantly increased in cleft lip tissues compared with normal lip tissues, while PDPK1 mRNA levels were decreased in cleft lip tissues compared with adjacent normal lip tissues ([Fig. 2A](#IJMM-43-03-1441-g01){ref-type="fig"}). Subsequent analysis indicated that miR-16-2-3p and PDPK1 expression were negatively correlated (n=25; r=−0.6436, P=0.0005; [Fig. 2B](#IJMM-43-03-1441-g01){ref-type="fig"}). Consistent with the mRNA results, decreased PDPK1 protein expression levels were observed in cleft lip tissues, as determined by western blot analysis ([Fig. 2C](#IJMM-43-03-1441-g01){ref-type="fig"}). Furthermore, the immuno-histochemical analysis of PDPK1 showed that cleft lip tissues exhibited lower membranous PDPK1 expression compared with adjacent normal lip tissues ([Fig. 2D](#IJMM-43-03-1441-g01){ref-type="fig"}).

Overexpression of miR-16-2-3p suppresses MPMC proliferation and induces cell cycle arrest at G~1~ phase
-------------------------------------------------------------------------------------------------------

To determine the role of miR-16-2-3p in MPMCs, cells were transfected with pre16-2-3p or preNC ([Fig. 3A](#IJMM-43-03-1441-g02){ref-type="fig"}). PDPK1 mRNA levels were significantly decreased in MPMCs transfected with pre16-2-3p compared with the preNC group ([Fig. 3B](#IJMM-43-03-1441-g02){ref-type="fig"}). The changes in MPMC proliferation were measured using an MTT assay. Cell proliferation was significantly decreased in MPMCs transfected with pre16-2-3p compared with the NC ([Fig. 3C](#IJMM-43-03-1441-g02){ref-type="fig"}). In addition, EdU staining demonstrated that proliferation was markedly decreased in pre16-2-3p-transfected cells compared with the NC ([Fig. 3D](#IJMM-43-03-1441-g02){ref-type="fig"}). With regards to cell cycle distribution, a significant increase in the number of cells in G~0~/G~1~-phase and a significant decrease in the number of cells in S-phase were observed in the pre16-2-3p group compared with the preNC group ([Fig. 3E](#IJMM-43-03-1441-g02){ref-type="fig"}).

miR-16-2-3p increases MPMC apoptosis
------------------------------------

Flow cytometry analysis was performed to determine cell apoptosis among the different MPMC groups. Apoptosis was significantly increased in the pre16-2-3p group compared with the preNC group ([Fig. 4A and B](#IJMM-43-03-1441-g03){ref-type="fig"}). Using western blot analysis, it was identified that miR-16-2-3p overexpression upregulated cleaved caspase-3 expression, additionally supporting the data suggesting that miR-16-2-3p regulates apoptosis ([Fig. 4C](#IJMM-43-03-1441-g03){ref-type="fig"}).

miR-16-2-3p overexpression inhibits MPMC migration
--------------------------------------------------

To additionally investigate the role of miR-16-2-3p in cell migration, wound healing assays were performed on MPMCs transfected with pre16-2-3p or preNC for 48 h. The results demonstrated that MPMC migration was significantly decreased in the pre16-2-3p-transfected groups compared with the preNC group ([Fig. 5A and B](#IJMM-43-03-1441-g04){ref-type="fig"}). Consistently, it was identified that MMP-9 and MMP-2 protein expression levels were decreased in MPMCs transfected with pre16-2-3p compared with the preNC group ([Fig. 5C](#IJMM-43-03-1441-g04){ref-type="fig"}).

miR-16-2-3p inhibition promotes MPMC growth
-------------------------------------------

To investigate if miR-16-2-3p knockdown promoted MPMC growth, cells were transfected with either si16-2-3p or siNC, and the knockdown efficiency was measured using RT-qPCR ([Fig. 6A](#IJMM-43-03-1441-g05){ref-type="fig"}). PDPK1 mRNA expression was significantly increased following knockdown of miR-16-2-3p ([Fig. 6B](#IJMM-43-03-1441-g05){ref-type="fig"}). Cell proliferation, confirmed by MTT assay, was significantly increased in the si16-2-3p-transfected MPMCs compared with the siNC ([Fig. 6C](#IJMM-43-03-1441-g05){ref-type="fig"}). Consistently, EdU staining demonstrated that miR-16-2-3p knockdown markedly increased MPMC growth ([Fig. 6D](#IJMM-43-03-1441-g05){ref-type="fig"}). Flow cytometry analysis demonstrated that miR-16-2-3p inhibition significantly promoted the number of MPMCs in S phase ([Fig. 6E](#IJMM-43-03-1441-g05){ref-type="fig"}).

miR-16-2-3p knockdown decreases MPMC apoptosis
----------------------------------------------

Flow cytometry analysis was performed to measure cell apop-tosis among the different MPMC groups. As indicated in [Fig. 7A and B](#IJMM-43-03-1441-g06){ref-type="fig"}, miR-16-2-3p knockdown significantly inhibited MPMC apoptosis. Furthermore, western blot analysis revealed that miR-16-2-3p knockdown markedly decreased cleaved caspase-3 protein expression ([Fig. 7C](#IJMM-43-03-1441-g06){ref-type="fig"}).

miR-16-2-3p knockdown promotes MPMC migration
---------------------------------------------

Wound healing assays were performed to determine the effects of miR-16-2-3p knockdown on MPMC migration. si16-2-3p significantly increased cell migration compared with the siNC at 48 h ([Fig. 8A and B](#IJMM-43-03-1441-g07){ref-type="fig"}). Furthermore, MMP-9 and MMP-2 protein expression levels were increased following miR-16-2-3p knockdown in MPMCs ([Fig. 8C](#IJMM-43-03-1441-g07){ref-type="fig"}).

PDPK1 is the functional downstream target of miR-16-2-3p that regulates MPMC proliferation, cell cycle, apoptosis and migration
-------------------------------------------------------------------------------------------------------------------------------

To investigate whether PDPK1 is a direct target of miR-16-2-3p involved in proliferation, apoptosis and migration, PDPK1 was overexpressed in pre16-2-3p-transfected MPMCs ([Fig. 9A](#IJMM-43-03-1441-g08){ref-type="fig"}). It was identified that cell proliferation, the percentage of cells in S phase and cell migration increased significantly in the pre16-2-3p group compared with the preNC group ([Fig. 9B-D](#IJMM-43-03-1441-g08){ref-type="fig"}). However, PDPK1 overexpression significantly inhibited cell apoptosis in MPMCs transfected with pre16-2-3p ([Fig. 9E](#IJMM-43-03-1441-g08){ref-type="fig"}). Accordingly, it was identified that PDPK1 knockdown markedly inhibited cell proliferation, the percentage of cells in S phase and cell migration ([Fig. 9A-D](#IJMM-43-03-1441-g08){ref-type="fig"}), but induced cell apoptosis in si16-2-3p-transfected MPMCs ([Fig. 9E](#IJMM-43-03-1441-g08){ref-type="fig"}).

miR-16-2-3p regulates the PDPK1/Akt signaling pathway in MPMCs
--------------------------------------------------------------

Previous studies demonstrated that the PDPK1/Akt pathway regulates cell proliferation, apoptosis and migration in various types of cancer ([@b28-ijmm-43-03-1441],[@b29-ijmm-43-03-1441]). Therefore, the regulatory effect of miR-16-2-3p on this pathway was additionally investigated by measuring p-AKT, AKT, PDPK1 and PCNA expression. Overexpression of miR-16-2-3p markedly inhibited, and knockdown of miR-16-2-3p promoted, PDPK1, p-Akt and PCNA expression, whereas the Akt level was unaffected ([Fig. 10A and B](#IJMM-43-03-1441-g09){ref-type="fig"}). These results suggest that miR-16-2-3p exerts it suppressive role in MPMCs by inhibiting the PDPK1/Akt signaling pathway.

Discussion
==========

NSCL is a common type of oral cleft defect that results in cleft palate or other developmental syndromes. Tissue fusion during lip development is an extremely complicated progress ([@b22-ijmm-43-03-1441],[@b30-ijmm-43-03-1441]). Any factors inhibiting fusion of the paired maxillary prominences mesenchyme or apoptosis of MEE and EMT may cause NSCL ([@b21-ijmm-43-03-1441],[@b31-ijmm-43-03-1441],[@b32-ijmm-43-03-1441]).

Several miRNAs have been associated with NSCL ([@b14-ijmm-43-03-1441],[@b16-ijmm-43-03-1441]). At present, a number of studies have identified that miR-16-2-3p is significantly upregulated in hepatocellular carcinoma ([@b33-ijmm-43-03-1441]) and multiple sclerosis ([@b34-ijmm-43-03-1441]). A decline in miR-16-2-3p expression was also confirmed in mandibular prognathism ([@b35-ijmm-43-03-1441]), suggesting that miR-16-2-3p suppresses cell proliferation and growth. Our previous study also showed that miR-16-2-3p maybe a potential biomarker for early detection of NSCL ([@b17-ijmm-43-03-1441]). However, the molecular mechanism by which miR-16-2-3p affects cell processes underlying NSCL development is not entirely clear.

Therefore, the aim of the present study was to explore the regulatory role of miR-16-2-3p in NSCL development. It was confirmed that miR-16-2-3p expression is markedly increased in cleft lip tissues compared with adjacent normal lip tissues in patients with NSCL. In addition, pre16-2-3p inhibited cell proliferation and migration and induced apoptosis of MPMCs via repressing PDPK1. By contrast, si16-2-3p promoted cell proliferation and migration and inhibited apoptosis of MPMCs. MMP-2 and MMP-9 are highly associated with cell migration and invasiveness, and numerous studies have demonstrated a positive correlation between cell migration and the expression of MMP-2 and MMP-9 ([@b36-ijmm-43-03-1441],[@b37-ijmm-43-03-1441]). The protein levels of MMP-2 and MMP-9 were also detected, and the results were consistent with wound healing assay. Finally, it was demonstrated that miR-16-2-3p exerts its suppressive role by inhibiting the PDPK1/Akt signaling pathway in MPMCs.

Previously, PDPK1 has received considerable attention as a critical factor regulating cell proliferation, apoptosis and metastasis of various cancer cells ([@b38-ijmm-43-03-1441]-[@b41-ijmm-43-03-1441]). Furthermore, PDPK1 has been demonstrated as the functional downstream target of numerous miRNAs ([@b42-ijmm-43-03-1441]-[@b45-ijmm-43-03-1441]). As evidenced by the luciferase assay results in the present study, miR-16-2-3p significantly repressed PDPK1 expression through directly regulating the 3′-UTR of PDPK1. These data indicate that miR-16-2-3p negatively regulates PDPK1 in MPMCs. The mRNA and protein levels of PDPK1 were significantly decreased in cleft lip tissues compared with the adjacent normal lip tissues. Furthermore, a negative correlation between miR-16-2-3p and PDPK1 expression in cleft lip tissue samples was observed. The data also indicated that miR-16-2-3p inhibited MPMC proliferation and apoptosis. In addition, overexpression of PDPK1 reversed miR-16-2-3p-mediated repression of cell proliferation, migration and the miR-16-2-3p-mediated increase in MPMC apoptosis.

Several studies have demonstrated that activation of the PDPK1/Akt signaling pathway is essential for cell proliferation, migration, angiogenesis and metastasis in various types of cancer ([@b46-ijmm-43-03-1441]-[@b48-ijmm-43-03-1441]). Akt maybe phosphorylated at Thr308, which is primarily regulated by PDPK1 ([@b49-ijmm-43-03-1441],[@b50-ijmm-43-03-1441]). In the present study, it was identified that overexpressing miR-16-2-3p inhibited the PDPK1 protein expression, resulting in downregulation of p-Akt in MPMCs. PCNA is essential for DNA replication, cell proliferation and cell cycle control, and serves as an index of cell proliferation ([@b51-ijmm-43-03-1441],[@b52-ijmm-43-03-1441]). It was also identified that miR-16-2-3p overexpression decreased PNCA expression. By contrast, knockdown of miR-16-2-3p promoted PDPK1, p-Akt and PCNA expression. Based on these results, we hypothesized that miR-16-2-3p exerts it suppressive role in MPMCs by inhibiting the PDPK1/Akt signaling pathway.

Disruptions in the Akt-regulated pathways have been demonstrated to be associated with cancer, diabetes, cardiovascular and neurological diseases ([@b53-ijmm-43-03-1441]-[@b55-ijmm-43-03-1441]). Therefore, miR-16-2-3p has potential to be used in multiple therapeutic areas as an Akt inhibitor. Mammalian target of rapamycin (mTOR), which is implicated in different pathologies including cancer, autoimmune diseases and Human immunodeficiency virus (HIV) infection ([@b56-ijmm-43-03-1441]-[@b59-ijmm-43-03-1441]), is downstream of the Akt signaling pathway. It is necessary to investigate the regulation of the mTOR pathway by miR-16-2-3p in future studies, which may provide an underlying intervention for pathologies charac-terized from mTOR hyperactivation including cancer, multiple sclerosis and HIV infection. In addition, the pure inhibitors of Akt including afuresertib ([@b60-ijmm-43-03-1441]), or compounds blocking the PI3k-Akt/mTOR pathway including NVP-BEZ235 ([@b61-ijmm-43-03-1441]), may be considered for the pharmacological treatment of certain cases of NSCL. Notably, NSCL is developed in embryonic phase, but our previous and present studies also indicated that miR-16-2-3p from plasma samples and surgical specimens was associated with cleft lip formation. It indicates that miR-16-2-3p may serve a persistent biological role in different phase of patients with NSCL. Taken together, the present study identified that miR-16-2-3p upregulation may partially mitigate NSCL development. miR-16-2-3p inhibits cell proliferation and migration, and promotes apoptosis via directly targeting PDPK1 in MPMCs. Therefore, the results of the present study demonstrate that miR-16-2-3p may be a potential target for future clinical prevention and treatment of NSCL.
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![miR-16-2-3p directly regulates the 3′-UTR of PDPK1. (A) The miR-16-2-3p predicted binding sequence in the 3′-UTR of PDPK1. (B) The mutation introduced in the 3′-UTR of PDPK1. (C) miR-16-2-3p transfection efficiency was measured by reverse transcription quantitative polymerase chain reaction in MPMCs. The luciferase reporter gene assay was used to determine PDPK1 activity in MPMCs that were co-transfected with wild-type or mut 3′-UTR PDPK1 and pre16-2-3p. Independent experiments were repeated at least three times, and the values are expressed as the mean ± standard deviation. ^\*\*^P\<0.01 vs. NC group. miR, microRNA; UTR, untranslated region; PDPK1, 3-phosphoinositide-dependent protein kinase-1; hsa, *Homo sapiens*; wild, wild-type; mut, mutant; NC, negative control.](IJMM-43-03-1441-g00){#IJMM-43-03-1441-g00}

![miR-16-2-3p is upregulated in human cleft lip tissue samples. (A) Reverse transcription quantitative polymerase chain reaction was used to measure miR-16-2-3p and PDPK1 mRNA levels in cleft lip tissue samples and adjacent normal lip tissue samples. (B) Pearson analysis for the correlation of miR-16-2-3p and PDPK1 mRNA levels in cleft lip tissue samples and adjacent normal lip tissue samples (n=25; r=-0.6436; P=0.0005). (C) Western blot analysis of PDPK1 protein expression in cleft lip tissue samples and adjacent normal lip tissue samples. (D) Immunostaining of PDPK1 (magnification, x400). Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. normal samples. miR, microRNA; PDPK1, 3-phosphoinositide-dependent protein kinase-1.](IJMM-43-03-1441-g01){#IJMM-43-03-1441-g01}

![Overexpression of miR-16-2-3p suppresses MPMC proliferation and induces cell cycle arrest at G1 phase. Induction of miR-16-2-3p by pre16-2-3p transfection and relative expression levels of (A) miR-16-2-3p and (B) PDPK1 were determined by reverse transcription quantitative polymerase chain reaction. (C) MTT assay was performed to measure cell proliferation. (D) The number of Edu-stained cells was significantly decreased following pre16-2-3p transfection (magnification, x400). (E) Effect of miR-16-2-3p overexpression on cell cycle in MPMCs. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. preNC. miRNA, microRNA; MPMCs, maxillary primordium mesenchymal cells; preNC, precursor negative control; pre16-2-3p, precursor miR-16-2-3p; PDPK1, 3-phosphoinositide-dependent protein kinase-1; Edu, 5-ethynyl-2′-deoxyuridine; NC, negative control; OD, optical density.](IJMM-43-03-1441-g02){#IJMM-43-03-1441-g02}

![Effect of miR-16-2-3p on MPMC apoptosis. (A) Apoptosis in preNC and pre16-2-3p MPMC groups was assessed by flow cytometry analysis. (B) Quantification of the level of apoptosis in preNC and pre16-2-3p groups. (C) Western blot analysis of cleaved caspase-3 protein expression. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*\*^P\<0.01 vs. preNC. miR, microRNA; MPMC, maxillary primordium mesenchymal cells; preNC, precursor negative control; pre16-2-3p, precursor miR-16-2-3p; NC, negative control.](IJMM-43-03-1441-g03){#IJMM-43-03-1441-g03}

![Overexpression of miR-16-2-3p inhibits MPMC migration. (A) Migration capabilities of MPMCs that were transfected with pre16-2-3p or preNC were determined using a wound healing assay at 0 and 48 h (magnification, ×100). (B) Quantification of the wound healing assay data. (C) MMP-9 and MMP-2 protein expression was measured in MPMCs transfected with pre16-2-3p or preNC. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*\*^P\<0.01 vs. preNC. miR, microRNA; MPMC, maxillary primordium mesenchymal cells; NC, negative control; MMP, matrix metalloproteinase.](IJMM-43-03-1441-g04){#IJMM-43-03-1441-g04}

![miR-16-2-3p inhibition promotes MPMC growth. (A) miR-16-2-3p and (B) PDPK1 mRNA levels were measured in MPMCs transfected with si16-2-3-p or siNC. (C) The MTT assay was used to measure cell proliferation. (D) The EdU assay was performed to determine cell proliferation (magnification, ×400). (E) Effects of miR-16-2-3p knockdown on the cell cycle in MPMCs as determined by flow cytometry analysis. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. siNC. miR, microRNA; MPMC, maxillary primordium mesenchymal cells; PDPK1, 3-phosphoinositide-dependent protein kinase-1; si, small interfering; Edu, 5-ethynyl-2\'-deoxyuridine; NC, negative control; OD, optical density.](IJMM-43-03-1441-g05){#IJMM-43-03-1441-g05}

![miR-16-2-3p inhibition decreases MPMC apoptosis. (A) Flow cytometry analysis was performed to measure cell apoptosis in siNC and si16-2-3-p MPMC groups. (B) Quantification of the flow cytometry data. (C) Western blot analysis of cleaved caspase-3 protein expression. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*^P\<0.05 vs. siNC. miR, microRNA; MPMC, maxillary primordium mesenchymal cells; si, small interfering; NC, negative control.](IJMM-43-03-1441-g06){#IJMM-43-03-1441-g06}

![miR-16-2-3p inhibition promotes MPMC migration. (A) The wound healing assay was used to measure cell migration in MPMCs transfected with si16-2-3p or siNC (magnification, x100). (B) Quantification of the wound healing assay data (C) MMP-9 and MMP-2 protein expression levels were determined in MPMCs transfected with si16-2-3p or siNC by western blot analysis. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*^P\<0.05 vs. siNC. miR, microRNA; MPMC, maxillary primordium mesenchymal cells; si, small interfering; NC, negative control.](IJMM-43-03-1441-g07){#IJMM-43-03-1441-g07}

![miR-16-2-3p targets PDPK1 to regulate MPMC proliferation, cell cycle, apoptosis and migration. (A) PDPK1 protein expression measured by western blot analysis in pre16-2-3p-transfected-MPMCs followed by transfection of PDPK1 expression plasmid or NC, and in si16-2-3p-transfected-MPMCs followed by transfection with siPDPK1 or siNC. Altering PDPK1 expression partly abolished the functional effect of miR-16-2-3p on (B) proliferation, (C) cell cycle, (D) migration and (E) apoptosis in MPMCs. Independent experiments were repeated at least 3 times, and the values are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. siNC. miR, microRNA; PDPK1, 3-phosphoinositide-dependent protein kinase-1; MPMC, maxillary primordium mesenchymal cells; pre16-2-3p, precursor miR-16-2-3p; si, small interfering; NC, negative control; OD, optical density.](IJMM-43-03-1441-g08){#IJMM-43-03-1441-g08}

![miR-16-2-3p regulates the PDPK1/Akt signaling pathway in MPMCs. At 72 h after transfection with (A) pre16-2-3p/preNC or (B) si16-2-3p/siNC, MPMCs were subjected to western blot analysis to detect PDPK1, p-Akt, total Akt and PCNA expression. Independent experiments were repeated at least 3 times. miR, microRNA; PDPK1, 3-phosphoinositide-dependent protein kinase-1; Akt, protein kinase B; MPMC, maxillary primordium mesenchymal cells; pre16-2-3p, precursor miR-16-2-3p; preNC, precursor negative control; si, small interfering; NC, negative control; p, phosphorylated; PCNA, proliferating cell nuclear antigen.](IJMM-43-03-1441-g09){#IJMM-43-03-1441-g09}

[^1]: Contributed equally
